arXiv: 1508.00035vl [astro-ph.CO] 31Jul2015 


Mon. Not. R. Astron. Soc. 000, 000-000 (0000) Printed 4 August 2015 (MN IATeX style file v2.2) 


Combining spectroscopic and photometric surveys using 
angular cross-correlations III: Galaxy bias and stochastisity 

Martin Eriksen^’^, Enrique Gaztanaga^ 

^Institut de Ciencies de I’Espai (lEEC-CSIC), E-08193 Bellaterra (Barcelona), Spain 
^Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA Leiden, Netherlands 


4 August 2015 


ABSTRACT 

In the first paper of this series, we studied the effect of baryon acoustic oscillations 
(BAO), redshift space distortions (RSD) and weak lensing (WL) on measurements 
of angular cross-correlations in narrow redshift bins. Paper-II presented a multitracer 
forecast as Figures of Merit (FoM), combining a photometric and spectroscopic stage- 
IV survey. The uncertainties from galaxy bias, the way light traces mass, is an im¬ 
portant ingredient in the forecast. Fixing the bias would increase our FoM equivalent 
to 3.3 times larger area for the combined constraints. This paper focus on how the 
modelling of bias affect these results. In the combined forecast, lensing both help and 
benefit from the improved bias measurements in overlapping surveys after marginaliz¬ 
ing over the cosmological parameters. Adding a second lens population in counts-shear 
does not have a large impact on bias error, but removing all counts-shear information 
increases the bias error in a significant way. We also discuss the relative impact of WL, 
magnification, RSD and BAO, and how results change as a function of bias ampli¬ 
tude, photo-z error and sample density. By default we use one bias parameter per bin 
(with 72 narrow bins), but we show that the results do not change much when we use 
other parameterizations, with at least 3 parameters in total. Bias stochasticity, even 
when added as one new free parameter per bin, only produce moderate decrease in 
the FoM. In general, we find that the degradation in the figure of merit caused by the 
uncertainties in the knowledge of bias is significantly smaller for overlapping surveys. 


1 INTRODUCTION 

The late time expansion of the Universe can be measured 


through various probes, including super novas (Riess et al. 
11998 Perlmutter et al. 19991, the cosmic microwave back- 


ground (CMB ) ([Planck Collaboration et al. 20151, weak 
lensing shear ||Heymans et al. 20131 and galaxy clustering 
(Anderson et al. 20141. Galaxy clustering is assumed and 


measured to directly trace the underlying dark matter distri¬ 
bution I Kaiser|1984 Bardeen et al.|1986 l, but require mea¬ 
suring the galaxy bias. The weak gravitational lensing di¬ 
rectly probe the mass. However, the lensing kernel is broad, 
which reduce its ability to measure the growth. 

Weak lensing (WL) survey relies on averaging a large 
sample of galaxies, which is only possible in photometric 
surveys with photo-z techniques. Ongoing surveys include 


DES(The Dark Ener gy Survey Collaboration |2005|r and 

KiDS Me Jong et al.| 2013 [^ w hile Euclid(Laureijs et al. 

201l[ |qand LSST( Ivezic et al. 2008[ p] are next generation 


WL surveys. The galaxy clustering relies on accurate red- 
shift to measure the BAO peak position and the radial clus- 
tering. Past and o ngoing reds hift surveys include WP S (Le 
Fevre et al.||201 3|P1 VIPERS (|dMa Torre et al.| |2013[p1 and 


Wigg leZ (Contreras et al. 2013[ |^ while DESI (Levi et al. 


2013 


^is expected to start in 2018. 


The galaxy clustering and weak lensing are compli¬ 


mentary, probing different parameter degeneracies (Simpson 
et al.|2013| ), being subject to different experimental difficul 
ties and astrophysical biases (Weinberg et al. 20131. How 


should photometric and spectroscopic optimally be com¬ 
bined? Several groups have investigate the benefit of overlap¬ 


ping surveys with varying conclusions (see paper-H) (Bern- 


Dore & Takada 


stein & Cai|2011 

IGaztanaga et al. 2012 

Cai & Bernstein 

2012| Kirk et al. 

2013| Font-Ribera et al.| 

20141 |de Putter, 


20131. Our three article series investigates 


the combined constraints, focusing on the same-sky bene¬ 


fit. In Eriksen & Gaztanaga (2014b I (from now on paper-I) 


^ http:// WWW. darkenergysurvey.org/ 
^ http://kids.strw.leidenuniv.nl/ 

® http://www.euclid-ec.org/ 
http://www.lsst.org/ 


® http://cesam.oamp.fr/vvdsproject/ 
® http://vipers.inaf.it/ 

^ http://wigglez.swin.edu.au/site/ 

® http://desi.lbl.gov/ 
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2 Martin Eriksen, Enrique Gaztanaga 


we studied the algorithm and modelling of cross-correlations 
in narrow redshift bins. Eriksen & Gaztanaga ( 2015[) (from 
now on paper-II) presented the forecast, while Eriksen & 


Gaztanaga (2014a I (from now on EG14a) companion paper 


elaborated on the same-sky benefit. This paper (paper-III) 
investigate the role of the galaxy bias and stochasticity. 

While the galaxy and dark matter distribution is re¬ 


lated, the exact relation depends on galaxy formation | Press 
fc Schechter|1974 1 , galaxy evolution (Nusser & Davis 


1994 


Fry|1996 Tegmark fc Peebles|1998 Blanton et al.|20ro I and 

selection effects. For constraining cosmology with galaxy dis¬ 
tributions, we need to model galaxy bias and marginalize 
over uncertainties in the modelling. To reduce requirements 
on modelling bias, we can constrain cosmology from the ex¬ 
cess of galaxy pairs with 150 Mpc separation, the BAG peak 


(Eisenstein et al. 

2007 

Eisenstein, Seo & White||2007 An- 

derson et al .|2012 

1 . In these papers, constraints from galaxy 


clustering and galaxy-shear cross-correlations use the full 
correlation function, which require modelling the galaxy bias 
(Shoji, Jeong fc Komatsu||2009 1. This improve the parame¬ 


ter constraints, but the bias becomes an important part of 
the forecast and is therefore studied here in detail. 

Overlapping galaxy surveys allows directly cross¬ 
correlation the galaxy samples. Additionally, the sample 
variance reduce through both galaxy populations tracing 


the same matter fluctuations (McDonald & Seljak 20091. 


Paper-II showed that both effects contribute about equal 
to the combined constraints and EG14a stressed the impor¬ 
tance of the covariance between the spectroscopic and pho¬ 
tometric sample. This paper also investigate the additional 
correlations and the covariance from overlapping volumes, 
but present the forecasted bias error. In particular, we focus 
on the counts-shear cross-correlations, since the contribu¬ 
tion was largely independent on including lenses from one 
or both surveys. 

The HOD model (fScoccimarro et al.|2001[ [Zheng et al.| 


2005 Coupon et al. 2012 Cacciato et al. 20131 predicts 


the galaxy bias from physical assumptions on how galax¬ 
ies occupy dense regions, which can be implemented in sim¬ 
ulations and tested against real data. The fiducial bias is 
motivated by a simple HOD model that shows a scale- 
independent and linear bias at large scales ([Gaztanaga et alT] 


2012). While the bias evolution in a linear model can be 


parameterized with a few parameters, the fiducial param¬ 
eterization use one parameter for each redshift bin. Sec¬ 
tion therefore compare the one-bias-per-bin forecast with 
a model using a linear interpolation between pivot points. 

The hducial bias model, Sg = b{z,k)5m, relate linearly 
and deterministic the galaxy (5g) and matter {5m) overdensi¬ 
ties. In reality, the relation at small scales include at stochas¬ 
tic component ( Seljak fc Warren|2004 ). The stochastic com¬ 
ponent change the auto-correlation of galaxy counts and 
cancelling in the counts-shear cross-correlations. While the 
linear scale included in the forecast avoid the bias stochas¬ 
ticity, we study the impact using a simple model (see subsec¬ 
tions 3.3 3.4). In addition to reducing the signal-to-noise. 


one need to marginalize over the bias stochasticity model 
parameters. The overlapping surveys is of particular inter¬ 
est, since the overlap can provide additional constraints to 
these parameters. 

This paper is organized in the following manner. Section 
[^presents the forecast assumptions, bias derivative formula. 


Parameter 

Photometric (F) 

Spectroscopic (B) 

Area [sq.deg.] 

14,000 

14,000 

Magnitude limit 

*AS < 24.1 

< 22.5 

Redshift range 

0.1 < 2 < 1.5 

0.1 < 2 < 1.25 

Redshift uncertainty 

0.05(l+z) 

0.001(l+z) 

z Bin width 

0.07(l+z) 

0.01(l+z) 

Number of bins 

12 

71 

Density [gal/arcmin^] 

6.5 

0.4 


Table 1. Parameters describing the assumed photometric and 
spectroscopic stage-IV surveys in the forecast. See paper-II and 
EG14a for further details. 


fiducial errors and how counts-shear and the sample vari¬ 
ance cancellation contribute to the bias error. Then section 
looks at bias priors, bias parameterization and tests the 
impact of a stochastic bias. Appendix [A] study how shifting 
the bias amplitude change the forecast and the relative RSD, 
BAO and WL contributions. Finally appendixstudy how 
the galaxy density and redshift uncertainties change the bias 
errors. 


2 THE BIAS CONSTRAINTS 

2.1 Forecast assumptions and notation 


Paper-I described the formalism for galaxy clustering, RSD 
and weak leasing in 2D correlations. In paper-II we pre¬ 
sented the Fisher formalism, notation, forecast assumptions 
and Figures of Merit (FoM). This subsection include, to im¬ 
prove readability, the central forecast setup and notation. 
The reader is referred to paper-II for a full description. 

The forecast define a photometric(F/Faint) and a spec- 
troscopic(B/Bright) stage-IV survey ( Albrecht et al.|[2006 ). 
Table summarize the most important parameters and the 
forecast use Fisher matrices to estimate the bias errors and 
FoMs. The fiducial bias redshift evolution is given by 


6 f(z) = 1.2+ 0.4(2-0.5) (1) 

6 b(z) = 2.0+ 2.0(2-0.5) (2) 

while the default bias parameterization use one parameter 
per redshift bin and population. The observables included 
are auto- and cross-correlations between galaxy counts (tf) 
and shear ( 7 ). The redshift space distortions (RSD) and 
radial information in the galaxy sample is measured by us¬ 
ing narrow redshift bins for the spectrosc opic sample ([Nock, 
Percival fc Ross|2010[|Asorey et al.|2012l|Di Dio et al.|2013| 

Asorey, Crocce fc Gaztanaga|20'T4). 

These papers focus on the benefit of combining spec¬ 
troscopic and photometric surveys and the notation FxB is 
short for F and B being overlapping surveys on the sky, while 
F+B means non-overlapping surveys. The default forecast 
include both galaxy counts and shear (All), but some result 
only include galaxy counts (Gounts). The Figure of Merit 
(FoM) is defined by 


FoM 


1 

\/det(5') 


( 3 ) 
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Combining spectroscopic and photometric surveys III: Galaxy bias and stochastisity 3 


where S' is a subspace of parameter the Fisher forecasted co- 
variance matrix. For FoMdetf, the Dark Energy Task Force 
(DETF) FoM, then S = [uio,u)a]. The FoM-y is the inverse 
error of 7 , so that the covariance subspace (S) only include 7 . 
For FoM™-, then S includes wo, Wa, 7 and measure if a probe 
can constrain the combined expansion and growth history. 
Unless explicitly stated, the FoMs and bias errors ma^inal- 
ize over wo,Wa, h, Us , Dm ,i^b,^DE,crs,j. Planck prior^s al¬ 
ways included. 


2.2 Derivative of the galaxy bias 


The default bias parameterization is one parameter per red- 
shift bin and galaxy population. This subsection presents 
a formula for the derivative of the 2D correlation with the 
bias when including photo-z, RSD, magnification and mul¬ 
tiple galaxy populations. 

Photo-z uncertainties cause overdensities with origin at 
one redshift, to be observed at another redshift. One can 
express the observed fluctuations as a linear contribution 
from different redshifts. The galaxy bias evolve with redshift 
and the observed overdensity is a convolution of the bias 
and redshift selection function (see paper-I). For the bias 
derivative, the parameters can either be defined as the true 
bias or an effective bias after including the photo-z effect. 
These papers (paper-II, paper-III, EG14a), use the true bias 
as nuisance parameters. 

The photo-z effect in 2D correlations can be approxi¬ 


mated by the transition matrices (Gaztafiaga et al. 20121. 


Let C be a matrix of 2D correlation predictions in top-hat 
bins. The observed correlations C including photo-z effects 
can be written 


Cij — y jnCmn (4) 

mn 

where r is a transition matrix. The matrix element rij is the 
fraction of a fluctuation in bin i which originates from bin j. 
Summing over the transition matrix elements is effectively 
a low resolution integral over the redshift selection function. 
In Eqj^the first and second transition matrix respectively 
corresponds to the first and second index of C. When gen¬ 
eralizing the formula to several populations and overdensity 
types (counts, shear), the two transition matrices (r) will dif¬ 
fer. While the transition matrices for the Bright and Faint 
populations can be different, they are in these papers consid¬ 
ered equal for shear and galaxy counts for each population 
(Faint, Bright). 

The transition matrix leads naturally to an expression 
for the bias derivative. Let be the observed correlation 
of A and B, in respectively redshift bin i and j. Define 
further bf to be the bias of overdensity type X in redshift 
bin y. The derivative of the observed correlation with respect 
to the bias is then 




/ ^ \'iy'jn^yn < 'im'jy'^myi 
m,n 


( 5 ) 


where is the cross-correlation of dark matter in real 


http://www.physics.ucdavis.edu/DETFast/ 


space and one overdensity of type X. These papers only 
include the parameter for galaxy counts, but Eq§ can in 
general be used for shear intrinsic alignments, clustering of 
galaxy sizes or clnstering of magnitudes. 

Galaxy clustering, redshift space distortions, cosmic 
magnification and other minor effects, all contribute to the 
galaxy counts overdensities. Among these effects, only the 
galaxy clustering in real space depends on the bias. Most 
importantly, the RSD contribution depends on the velocity 
introduced by the underlying matter fluctuations and is in¬ 
dependent of the galaxy bias. A central idea in these papers 
is to measure RSD in 2D correlation functions by using nar¬ 
row redshift bins. Since the derivative should only consider 
parts of the correlations caused by the galaxy clustering, 
Eq[^ includes the cross-correlation between matter and the 
observable. When using the algorithm outlined in paper-I, 
then estimating these cross-correlations does not require re¬ 
doing the full calculations, but can be performed faster by 
reusing intermediate results in the calculations. 


2.3 Bias errors in the fiducial configuration. 

Fig[^ shows the estimated bias errors relative to the fiducial 
bias. While the forecast include redshift bins from 2 ; = 0.1 
for both galaxy populations, the first bins has little con¬ 
straining power. At low redshifts the bias error diverges and 
we therefore show only the error for 2 : < 0.2. For both 
the exact calculations and the Limber approximation, the 
main contribution to an auto-correlation signal is the scale 
k = {I + Q.l)/x{z) and lower redshifts enter into non-linear 
scales for smaller 1. We remove in the forecast correlations 
which enters into the non-linear regime (see paper-II) and 
this leads to worse constrains at low redshifts. Also, the bias 
is parameterized using the underlying/true bias (see sub¬ 
section 2.2 1 . Even if a redshift bin is excluded at a par¬ 


ticular scale ( 1 -value), the bias parameter enters in cross¬ 
correlations measured in nearby bins from the photo-z dis¬ 
persion. 

Lines in Fig[^show the relative bias error. The top panel 
only include galaxy counts in the forecast. For both popnla- 
tions the estimated bias error are similar for the Bright and 
Faint population, except for overlapping surveys at low red¬ 
shifts where magnification contribute stronger to the Faint 
bias constraints. For galaxy clustering the relative bias con¬ 
straints are very similar for both populations, but becomes 
different if hxing the cosmological parameters (not shown). 
Overlapping galaxy surveys significantly lower the bias and 
benefit the two populations about equally much. In the lower 
panel also counts-shear and shear-shear correlations are in¬ 
cluded in the forecast. Tensing both directly measuring bias 
through the counts-shear observables, but also indirectly 
through better constraining cosmological parameters, which 
are discussed respectively in subsection |2.5| and |2.4| 

Fig. shows directly the F-|-B/FxB bias error ratios, 
which is the same-sky beneht. For both the Bright and 
Faint bias, with and without shear, overlapping surveys 
leads to better bias constraints. Including the shear signal 
reduce the benefit of overlapping samples compared to only 
galaxy counts. This trend was previously seen in the forecast 
(paper-II, Table 4 and 5) and is here shown directly for the 
bias error. When including lensing, both the galaxy clus¬ 
tering and counts-shear observables can measure the bias. 
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4 Martin Eriksen, Enrique Gaztanaga 


Galaxy Counts. 


Same-Sky benefit. 




Shear and galaxy counts. 



Figure 1. The relative error on galaxy bias, marginalized over 
other cosmological parameters and including Planck priors. The 
four lines corresponds to the Bright and Faint populations, for 
overlapping (x) and non-overlapping (+) surveys. Points corre¬ 
sponds to errors measured using one bias parameter for each bin. 
On the x-axis is the mean for each the corresponding redshift bin. 
For the bright sample the bins are thinner, which results in more 
points. In the top panel the measurements only includes galaxy 
counts, while the lower panel also includes shear. 


While this improve the bias measurements and forecast, the 
multiple ways of constraining the bias lower the effect of 
overlapping Bright and Faint galaxy counts. The Bright bias 
error also depend on which Faint redshift bin the Bright bin 
overlap. This cause a small drop in the Bright ratios at the 
edges of a Faint bin, which are marked with vertical lines. 


2.4 Correlation between cosmology and bias 

The cosmological constraints from galaxy clustering require 
marginalizing over uncertainty in the galaxy bias modelling. 
Fixing the galaxy bias would increase the FoM™.y forecast 
for FxBiAll equivalent to a 3.3 larger survey area. The 
cosmology constraints depend both on measuring the bias 
and the lowest possible covariance between the cosmologi- 


Figure 2. The same-sky benefit on measuring the galaxy bias. 
Lines show the non-overlapping/overlapping samples bias error 
ratio. Each line plots the bias error in non-overlapping samples 
over overlapping samples. For ratios over unity overlapping sam¬ 
ples are beneficial in measuring the bias. The thin vertical lines 
mark the edges of the Faint redshift bins. 


Fixing cosmology, Faint bias. 



Figure 3. Effect of the covariance between cosmological and 
bias parameters. The lines show the Faint bias error ratios for 
free/fixed cosmological parameters. On the x-axis is the redshift. 
Two lines (FxBiAll, F-FB:A11) plots the ratio including galaxy 
counts and shear, while the other two (FxB:Counts, F-FB:Counts) 
only include galaxy counts. 


cal and bias/nuisance parameters (see Eriksen & Gaztanaga 
1 2014a| )). In studying the bias error, one should account for 
this covariance. This subsection focus on how marginaliz¬ 
ing/fixing cosmological parameters would affect conclusions 
on overlapping surveys and the importance of weak lensing. 

Fig. 0 shows the Faint free/fixed cosmology bias er¬ 
ror ratio. These ratios should always be above unity, since 
marginalizing over cosmology increase the bias errors. To 
limit the discussion, the figure and discussion are for brevity 
restricted to only the Faint bias. While the magnitude and 
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Combining spectroscopic and photometric surveys III: Galaxy bias and stochastisity 5 


Limiting observabies, Faint bias. 



Limiting observabies, Faint bias. 



Figure 4. Effect of limiting the redshift separation in the cross¬ 
correlations. Errors are estimated for FxB:All. The top panel 
shows the bias errors, while the bottom panel shows the free/fixed 
cosmology bias error ratio. On the x-axis is the maximum dis¬ 
tance between the mean of the two redshift bins in a correlation 
(A^Max)- 


exact details differs, the main conclusions are similar for 
the Bright sample. In this figure, the FxB ratios peaks 
around 2 = 0.7, which results from a peak in the Faint 
galaxy density and disappear a very high galaxy density (not 
shown). Around 2 = 0.7, the FxB:Counts(F-FB:Counts) ra¬ 
tio is 5.3(3.1) and this change in bias error corresponds to 
effectively 28(9) times larger area. In comparison, FxB:All 
versus F-FB:A11 only increase FoMu,.y for FxB:All equivalent 
to 50% larger area. When studying how improved bias mea¬ 
surements impact overlapping surveys, one need to account 
for the covariance between cosmological and bias parame¬ 
ters. Results without covariance will tend to underestimate 
the benefit of overlapping surveys. 

Fig|^ shows results when varying AZmax. The AZiuax 
requirement limit which correlations are included in the fore¬ 
cast. It was introduced in paper-II and limit the forecast to 
only include cross-correlations with {\zj — Zi\ < AZiuax), 


Counts-Shear cross-correlations, Faint bias. 



Figure 5. The improvement from counts-shear cross-correlations 
in the Faint bias measurements. Lines are the bias er¬ 
ror ratios between FxB:All without some counts-shear cross¬ 
correlations and FxB:All. In FxB-(( 5 jr 7 ^)[FxB-{( 5 a 7 ^}] all corre¬ 
lations are included, except counts-shear cross-correlations within 
the Faint [Bright] sample. In FxB-((S 7 ) all the counts-shear cross¬ 
correlations are removed. 


where Zi and Zj are the mean redshifts for the two over¬ 
densities in the cross-correlation. The auto-correlations are 
always included. For 0.0 < AZiuax <0.1 the forecast also 
include Bright-Faint galaxy counts cross-correlations, while 
0.01 < AZMax ^ 0.03 include the important radial (between 
redshift) Bright-Bright cross-correlations. The counts-shear 
correlations are first important at larger AZjuax. For further 
examples of usage, see paper-II. 

The top panel (Fig. show the estimated Faint bias 
error, fixing the cosmological parameters. When increasing 
AZiviax, the Bright-Faint cross-correlations are included and 
the bias error decline steadily. At higher AZiuax the counts- 
shear only leads to very small improvements in the bias er¬ 
ror. In the bottom panels are bias error ratios for free/fixed 
cosmology. For 0.01 < AZiuax < 0.02 the forecast includes 
Bright-Bright radial cross-correlations, which measure cos¬ 
mological parameters and the ratio drops. At high AZjviax 
the observables include the counts-shear cross-correlation. 
This signal increase the correlation between cosmology and 
bias parameters, which results in the ratios increasing. 


2.5 Counts-shear cross-correlations 

In paper-II we studied how different counts-shear cross¬ 
correlations contribute to the cosmological forecast. Over¬ 
lapping surveys make it possible to cross-correlate spectro¬ 
scopic (Bright) galaxy counts with galaxy shear from a pho¬ 
tometric (Faint) survey. For a photometric survey, one can 
also cross-correlate the counts and shear, both measured 
from the photometric survey. These two counts-shear cross¬ 
correlation types contribute about equal to the cosmological 
parameter forecast(see paper-II, table 4 and 5). Removing 
either counts-shear cross-correlations only lead to a small 
decrease in the different figures of merit. However, the con- 
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6 Martin Eriksen, Enrique Gaztanaga 


straints drop significantly when removing all counts-shear 
cross-correlations. 

A contributing factor is the bias constraints from the 
cross-correlations. In Figj^ are the error ratios between 
FxB:All without some counts-shear cross-correlations and 
FxB:All. For FxB-{5_f7f) and FxB-{5b7f), we respectively 
remove the cross-correlations of Faint and Bright galaxy 
counts with the Faint shear. The change is small for re¬ 
moving either Bright or Faint lenses, typically less than 1%. 
On the other hand, when removing all counts-shear cross¬ 
correlations (FxB-{5 7 )) the bias error change significantly. 
The Bright bias follow a similar trend (not shown), except 
counts-shear contributing less below z = 0.4. 

This trend follows from a high correlation between the 
count-shear signal in overlapping lens bins. Using the co- 
variance for a Gaussian field (see paper-I), the correlation 
coefficient between counts-shear using two galaxy popula¬ 
tions as lenses is 


r[{SB ^), (<5f7}] 


Cov ((^ 7 ), {Sfj}) 
y/Var (((5s7)) Var (((5f7)) 
(SbSf) 

y/ (SbSb) (SfSf) 


( 6 ) 

(7) 


where Sb{5f) is the Bright(Faint) galaxy counts and 7 is the 
galaxy shear overdensities. To simplify the notation, () de¬ 
note a Cl cross-correlation and we suppress the redshift bin 
index. From numerical tests (not shown), the terms includ¬ 
ing galaxy counts dominate. Unlike for the galaxy counts, 
the RSD contribution is negligible for the counts-shear cor¬ 
relations and the signal is effecively linear with the lens bias. 
The strong correlation is therefore not introducing sample 
variance cancellation. Instead it reduce the value of using 
two different galaxy populations as lenses. 


2.6 Sample variance cancellation 

Overlapping surveys gain from both additional cross¬ 
correlations and sample variance cancellation. Even with¬ 
out including the additional observables, two overlapping 
surveys with free galaxy bias benefit from overlapping skies. 
The overlapping surveys introduce additional covariance be¬ 
tween the observable, which improve the constraints when 
different observables respond sufficiently different to the 
same variable (see EG14a). These two effects contribute 
about equal to the combined forecast (paper-II, table 4 and 
5). 

Fig. [ 6 ] distinguish between the two main effects con¬ 
tribution, the additional cross-correlations and sample vari¬ 
ance cancellations, directly in the bias error. Both effects 
are included in F-fB/FxB, while FxB-(FB)/FxB only show 
the contribution from sample variance cancellation. These 
two effects both decrease the Faint bias error, but the addi¬ 
tional Bright-Faint cross-correlations contribute most. The 
Faint/photometric sample has broad redshift uncertainty 
(see Table and benefit less from RSD and BAG. The 
Bright-Faint cross-correlations partly recover this informa¬ 
tion, which makes them suitable for constraining the Faint 
bias (see paper-I). These correlations are less important for 
the Bright sample, where the sample variance cancellation is 
most important. A single Faint redshift bin (Az = 0.07(1 + 


Overlapping volumes. 



Figure 6. Effect of overlapping volumes. The plots show the bias 
error ratios of F-|-B:A11 and FxB-(FB) with respect to FxBiAll. 
The F+B:A11 combine the populations over separate volumes, 
while FxB-(FB) is overlapping surveys without cross-correlating 
the observable. These definitions discriminate between constraints 
from the covariance and additional cross-correlations. 


z)) overlap with multiple Bright bins {Az = 0.01(1 -I- z)). 
This introduce a covariance between the Faint bias parame¬ 
ter and each of the Bright bias parameters, which then also 
indirectly correlate the Bright bias parameters. 


2.7 Bias amplitude 

The fiducial bias evolution was given in Eq. At redshift 
zero the fiducial bias for the Bright and Faint populations 
equals, while the Bright/Faint bias ratio is respectively 1.7 
and 2.1 for 2 : = 0.5 and 2 = 1. This section introduce an ad¬ 
ditional multiplicative amplitude (relative bias amplitude), 
meaning unity is the fiducial bias. 

Fig. 0 shows FoM™.y, FoMdetf and FoM-, for a shifted 
Bright bias amplitude. In the top panel, the different probes 
(lines) gain or decline moderately with a shifted bias. FoMu,.y 
combine the expansion and growth history constrains, which 
are affected differently by the bias amplitude. For FoMdetf 
(middle panel) measuring the expansion history (wo,Wa), 
the constraints increase with the Bright bias, while the 
growth constraints in FoM.y decline. This cause the FoMm.^ 
combined constraints to be quite fiat. These competing 
trends cause FoMu,.y to change less with the Bright bias am¬ 
plitude. 

The galaxy counts shot-noise is independent of bias and 
depends inversely on the surface density of galaxies, lead¬ 
ing to a higher noise term for the galaxy clustering of the 
Bright (spectroscopic) sample. Since the auto-correlations 
are proportional to 6 ^, a higher bias increase the signal and 
therefore reduce the sensitivity to the shot-noise. Doubling 
the bias corresponds (without RSD) to four times higher 
density. Without the Bright galaxy shot-noise, the trends 
change completely, with the ratios being flat for a Bright 
bias relative amplitude above 0.5. The trend in FoMdetf is 
therefore caused by a higher (lower) bias amplitude lowering 
(increasing) the impact of shot-noise. 
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Shifting the Bright bias ampiitude. 






10000 

9000 

8000 

7000 

6000 

5000 


FxB:AII 
FxB-<FB>:AII 
F + B:AII 
FxB:Counts 
FxB-<FB>:Counts 
F + B:Counts 




•-"■p-rlr.:. - 


700 

600 

500 

400 

u_ 300 

I— 

LU 

Q 

1 200 


100 

90 

80 

70 




Figure 7. Effect of the Bright galaxy bias amplitude on the FoMs. 
On the x-axis is a multiplicative amplitude relative to the fiducial 
Bright bias. A vertical line {x = 1) marks the fiducial case. The 
top, middle and bottom panels respectively show the impact for 
FoMr)EXF and FoM^. 


Gravitational infall of galaxies towards matter overden¬ 
sities along the line of sight introduce an additional redshift, 
which result in the redshift space distortions (see paper-I). 
The additional observed overdensity depends only on the 
matter distribution and is independent of the galaxy cluster¬ 
ing and the galaxy bias. The galaxy bias therefore determine 
the relative strength of the intrinsic clustering and the RSD 
signal. For a low bias amplitude the RSD signal dominate, 
while the intrinsic galaxy clustering becomes more impor¬ 
tant for a high bias. The 7 constraints (FoM^) are mostly 
from RSD and therefore decrease with the bias amplitude. 
This trend also hold when not including the Bright shot- 
noise. 

The lines FxB-(FB):All [FxB-{FB):Counts] are FxB:All 
[FxBiCounts] without including the Bright-Faint cross¬ 
correlations, but they benefit from overlapping volumes. 
These lines therefore distinguish between the two sources of 
FoM improvements. For FxB:All and FoMu,.y at the fiducial 
bias, these effects contribute about equal. The sample vari¬ 
ance contribute stronger when including lensing and even 
when fixing the bias. We attribute this to the overlap in¬ 
troducing a covariance between clustering and lensing ob¬ 
servables, which correlates the cosmological parameters later 
marginalized over. At lower Bright bias amplitudes the sam¬ 
ple variance cancellation contribute less for all FoMs (FxB- 
(FB)~ F+B). Without shot-noise (not shown) the overlap¬ 
ping samples still benefit from sample variance cancellations, 
which means a sufficient density compared to the amplitude 
is needed to benefit from the two tracers. 

Not included are the FoMs when varying the Faint 
bias amplitude. The Faint sample models a photometric 
survey with — 0.05(1 -I- z), which is more suitable for 
weak lensing than galaxy clustering, since a photo-z above 


0.005(1-1-2) erase radial information (Gaztafiaga et al. 
20121. Compared to the Bright bias (Fi sizr the changes is 


therefore smaller when shifting the Faint bias. However, un¬ 
like the Bright bias, the effect of shot-noise decrease with the 
Faint bias (not shown). Increasing the Faint bias decrease 
the bias difference between the populations and this reduce 
the benefit of using two tracers. 


3 BIAS PRIORS AND MODELING 

The last section studied the bias errors and the effect of the 
bias amplitude. This section looks at various aspects of the 
galaxy bias. The fiducial bias is deterministic, parameterized 
by one parameter for each bin and include no priors. The 
first subsection quantify the effect of adding priors on the 
bias. In the second subsection we compare the cosmological 
constraints for two different bias parameterizations. In the 
last subsection we add stochasticity. 


3.1 Absolute priors on bias. 


This subsections study how the forecast change when adding 
uncorrelated priors on the bias. Adding priors give results in 
between a fixed and free bias. Bias priors from e.g. the 3pt 
function (Gaztafiaga fc Scoccimarro||2005 Gaztafiaga et al. 


2005|JSefusatti_et_alJ200^ Frieman fc Gaztanaga|1994||Bel,' 


Hoffmann fc Gaztafiaga|2015 1 or simulations, would usually 

have covariance between the parameters. However, adding a 
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Figure 8. The effect of adding priors to the bias parameters. On the x-axis is the prior (error) added independent to each bias parameter 
and only for one population. The left(right) panels add priors to the Bright(Faint) sample. The top(bottom) panels show the effect of 
FoMu,-y (FoM-y). Lines correspond to the combinations FxB:All, FxB-(FB):All, F+B:A11, FxBiCounts, FxB-{FB):Counts and F+B:Counts. 


fixed and uncorrelated prior (flat prior) on each bias param¬ 
eter simplify the model. Understanding the potential gains 
and required level of accuracy is important before deciding 
if the improved constraints justify the required effort. In this 
subsection, the bias priors is only added to one population. 

Fig.m shows the forecast when adding priors on ei¬ 
ther the Bright or Faint bias. Here rows corresponds to the 
FoMs and columns to which population the bias is added 
to. The left side of the graph is effectively fixing the bias, 
while on the right the priors are weak. For FxB:Counts 
and F+B:Counts, the FoMu,.y and FoM.^ forecast increase 
already for very weak Bright priors (0.5). When including 
lensing (FxB:All and F-|-B:A11), stronger priors is needed, 
since lensing also constrains the bias. Around absolute pri¬ 
ors of 10“^ the constraints flatten and beyond this point 
increasing bias priors provide no additional benefit. 

How does the Bright priors affect the conclusion on 
overlapping versus non-overlapping galaxy surveys? In the 
top,left panel stronger priors on the Bright bias increase 
FoMuj 7 for all probes with a factor of a few. However, the 
same-sky ratios (FxB/F-|-B):All and (FxB/F-|-B):Counts 


are respectively close to constant and decrease significantly. 
Overlapping surveys including shear (All) are therefore 
equally powerful when knowing the Bright galaxy bias. 
For overlapping surveys the Bright priors directly improve 
counts-shear cross-correlations of Bright lenses. The Bright 
priors additionally lead to stronger constraint on the Faint 
bias through counts-counts cross-correlations, which again 
benefits the cross-correlations of Faint counts with shear. 
For FoM^. all probes, (Fig. bottom left panel), approach 
the same asymptotic value. The growth constraints are al¬ 
ready without priors dominated by redshift space distortions 
in the Bright sample. Naturally the Bright sample dominates 
the growth constraints when effectively fixing the Bright bias 
and this results in no benefit from the overlap (FxB). 

The right column (Fig.|^ add priors to the Faint bias. In 
the top panel (FoMm-y), the trend for FxBiAll and F-|-B:A11 
is similar to when adding priors on the Bright bias. The 
largest difference is for the growth constraints (FoM.y) in the 
bottom panel. For stronger priors F-|-B:Counts saturates, 
while FxB:Counts continues improving. We have included 
FxB-(FB), which is FxB without the Bright-Faint cross- 
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Fixed bias ratio 


Comparing bias parameterizations. 




Number of Bright redshift bins # interpoiation points, Bright bias 


Figure 9. Effect of fixing the galaxy bias for a different number 
of Bright redshift bins. The FoMu,-y ratio is between a fixed and 
marginalized galaxy bias, with lines corresponding to FxB;All, 
F+B:A11, FxB:Counts, F+B:Counts and B:Counts. On the x-axis 
is the number of redshift bins in the Bright sample and the vertical 
line (bins = 72) mark the fiducial number of bins. 


Figure 10. Comparison between two different bias parameteriza¬ 
tions. The FoM ratios are between a linearly interpolated and the 
one-parameter-per-bin parameterization of the Bright bias. The 
Faint bias use one-parameter-per-bin. One the x-axis is the num¬ 
ber of interpolation points, which scaled by Az oc (1 -F z)w (see 
text). The lines corresponds to FxB;All, F-FB:A11, FxBiCounts 
and F+B:Counts. 


correlations. The FxB:Counts and FxB-{FB):Counts lines 
are close for strong Faint priors, which shows the gain comes 
through sample variance cancellation (overlapping volumes) 
and not the additional cross-correlations. Finally, one should 
remember Fig. includes priors on only one population. 
When fixing the priors, paper-II (table 5 and 6) found less 
benefit of overlapping surveys. 


3.2 Comparing bias parameterizations. 


Galaxy bias evolve slowly with redshift ([Gaztanaga et a~ 


2012). How many parameters are actually needed to cap¬ 


ture the evolution? This series of papers (paper-II, paper-III, 
EG14a) parameterize the bias by one parameter in each bin 
and galaxy population. One could instead specify the bias 
for a few pivot points in redshift and interpolate between 
them. The potential advantage is reducing the parameter 
freedom and therefore increasing the statistical errors af¬ 
ter marginalizing over the bias. However, including sufficient 
freedom in the bias parameterization will bias the cosmolog¬ 
ical constraints ( Glerkin et al.|[2015 |. This subsection (and 
paper) focus only on the statistical errors. 

Fig. shows the ratio between Fixed/Free galaxy bias 
for an increasing number of redshift bins. This partly an¬ 
swer the question if the forecast becomes more or less sensi¬ 
tive when increasing the number of redshift bins. Previously 
paper-II studied the effect of adding more Bright redshift 
bins. Here we find that increasing the number of redshift 
bins is not increasing the sensitivity to bias. On the con¬ 
trary, the sensitivity to the bias is decreasing with an in¬ 
creasing number of bins. The decrease is driven by the dark 
energy constraints. Looking at FoM.y, the ratios is quite flat, 
while FoMu, and FoMdetf decline (not shown) and result 
in FoMu,.y declining. 

An alternative bias parameterization is linearly interpo¬ 


lating between a bias specified in pivot points (Gaztanaga 


|et al.|[2C)12[ ). Fig. |10| compare FoMu,^, when using a linear 
interpolated and one-bias-per-bin Bright bias parameter¬ 
ization. The distance between bias pivot points scale by 
Az oc (1 -|- 2 ), similar to the redshift binninj^ Earlier, 
the forecast found FoMu,.y, FoM.y, FoM™ and FoMdbtf for 
FxB:All to become 6.0, 2.0, 3.0 and 3.4 times higher when 
fixing the galaxy bias (see paper-II, table 4 and 5). When 
only having two Bright bias interpolation points, the FoMu,.y 
forecast is 40-60% higher depending on the probe. For 3 bias 
points the result is within 10% of the one-bias-per-bin re¬ 
sult and the two bias parameterizations fully converge for 
more interpolation points. The reduction of FoM™.y already 
occurs for a few interpolation points, which is needed since 
the bias evolve with redshift. We therefore conclude that 
using one-bias-per-bin is not leading to unreasonable large 
degradation in the statistical constraints. 


3.3 Stochasticity model 


The relation between dark matter and galaxies is on large 
scale arguably close to deterministic (Gaztanaga et al. 20121. 
In these papers the fiducial bias model for both galaxy pop¬ 
ulations are deterministic and linear in mass, meaning 


Paper-II included a formula to define N redshift bins in a fixed 
redshift range when the redshift bin width scale by (1 -F 2 ). Here 
z is the lower redshift bin in the bin. Equivalently, the n’th pivot 
point redshift is 


rt 

z„ = -l + (l + 2o)( \+^^°" )”~' (8) 

V 1 + 2:0 / 

when locating N pivot points in [zq, z^ax]- This equation also 
give the n’th edge between TV — 1 redshift bins. 
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10 Martin Eriksen, Enrique Gaztanaga 


5g = bSm (9) 

where b is the galaxy bias and Sg and 5m are respectively 
the galaxy and matter overdensities. A stochastic relation 
between the matter and galaxy overdensities can be written 


Sg — bSm + € 


( 10 ) 


where e is the random component. Any linear matter de¬ 
pendency in e would only lead to a redehned bias. More 
generally both the bias and stochasticity could depend on 
higher order of the matter fluctuation. These models are 
beyond the scope of this article. 

The resulting power spectrum when including a stochas¬ 
tic component uncorrelated with matter (Eq. 101 is 


P{z,k)=P{z,k) + A{z,k) (11) 

where A{z, k) is an additional contribution to the power 
spectrum P{z, k). In general this contribution can depend on 
galaxy population, redshift and scale. By calibrating against 
simulations, one could try to measure the expected errors, 
scale and redshift dependence of A{z,k). One should note, 
such a calibration would require several simulations to as¬ 
sess the impact of cosmology. We instead focus on the direct 
effect on the auto-correlation 


Cii — b^ {Sm, 5m) + (c, e) (12) 

for which the stochasticity introduce an additional term 
(e, e). We assume the stochasticity in different redshift 
bins are uncorrelated, which leads to unchanged cross¬ 
correlations. Environmental effects can introduce correla¬ 
tions of the stochasticity of galaxy populations, but they 
are for simplicity considered independent. The stochastic 
component can be modelled by 

C"v = + SxyS (13) 

where X,Y are the galaxy populations and S the additional 
component. The standard stochasticity function r is the ra¬ 
tio 


^2 _ (Cgm) 


(14) 


where Cgm, Cgg and Cmm are respectively the counts- 
matter, counts-counts and matter-matter correlations when 
including the bias stochasticity. This ratio (Eq. |14[) relates 


to our definition (Eq. 131 by 


2 

r = 


ci 


{Cgg + S)Crr 



(15) 


or alternatively the relation can be written be reversed and 
written 


S = Cgg{l-r-^). (16) 


From Eq|15|and|16[ values of S need to be comparable with 


r 


1.00 0.97 0.75 0.23 0.03 0.00 



Figure 11. Effect of increasing galaxy bias stochasticity. The 
FoMu,.y is plotted with the x-axis being the Bright galaxy bias 
stochasticity parameter S. The fiducial value is S = 0 where the 
galaxy bias is deterministic and here no extra nuisance parameters 
are added to describe the stochasticity. The second/top x-axis 
is the stochasticity r when assuming Cgg = 3 X 10“^, which 
corresponds to a Bright counts-counts auto-correlation at 2 = 
0,1 = 100 . 


the auto-correlations to be significant. The no-stochasticity 
limit is r = 1 or 5 = 0. In addition to simplifying the addi¬ 
tion of stochasticity, the term S has similar characteristics 
as the shot-noise. Results on uncertainties in the stochastic¬ 
ity can therefore be extended to uncertainties of the galaxy 
counts shot-noise. 


3.4 Bias stochasticity 


The fiducial galaxy bias in these articles is deterministic. 
In this subsection we study the impact of introducing bias 
stochasticity (non-deterministic bias). The last subsection 


(3.31 introduced a simple redshift and scale independent pa¬ 


rameterization of the stochasticity, deviating from the com¬ 
monly used function r. First we study how an increasing 
stochasticity reduce the signal-to-noise and then how uncer¬ 
tainties in the stochasticity impacts the forecasts. 

Fig. shows FoMto^, when increasing the galaxy bias 
stochasticity for the Bright population. The stochasticity 
variable is fixed, in other words, the stochasticity is assumed 
known. Since the stochasticity is just noise, it monotonically 
reduces the figure of merit. The FoMs decrease when the 
stochastic component (S) comparable to the signal. For the 
different probes and also FoM™, FoM^, and FoMdetf (not 
shown), the FoMs decrease steadily. The benefit of overlap¬ 
ping surveys (FxB:All/F-|-B:All) reduce for a higher bias 
stochasticity. From comparing FxBiAll and F-|-B:A11 with 
FxB-{FB):All, one see the bias stochasticity reduce the gain 
from sample variance cancellations. Finally, the equivalent 
Faint bias stochasticity plots (not included) show only a 
weak reduction. This follows from the Faint/photometric 
clustering contributing weaker to the combined constraints. 

Stochasticity also reduce the parameter constraints due 
to additional uncertainty in the modelling. A natural exten- 
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Figure 12. Improvements from priors on the stochasticity. On 
the x-axis is prior (error) added to all of the Bright redshift bins. 
The figure shows the no-priors/priors FoMu,.y ratio. In both pop¬ 
ulations the fiducial bias stochasticity is zero and the Faint bias 
stochasticity in kept fixed. The second/top x-axis is the stochas¬ 
ticity error <7^ when assuming Cgg = 3 X 10“"^, which corresponds 
to a Bright counts-counts auto-correlation at 2 = 0,1 = 100. 


sion to the previous forecast is to use the same parameteri¬ 
zation as for the galaxy bias. The fiducial 5" = 0 is constant 
in redshift, but S is parameterized with one parameter per 
redshift bin and population. Equivalently to the galaxy bias, 
simulations or observations can give prior knowledge on the 
bias stochasticity. For simplicity and similar to the bias pri¬ 
ors, the bias stochasticity priors are assumed uncorrelated 
for the different redshift bins. 

Fig.[^shows ratios between free and fixed bias stochas¬ 
ticity, when marginalizing over the uncertainty only for the 
Bright population. On the x-axis is an absolute prior added 
to each Bright bias stochasticity parameter. The ratio can 
be understood as the fraction of the FoMs recovered from 
adding priors. For strong priors, on the left side of the graph, 
the priors effectively fix galaxy bias and the ratio natu¬ 
rally approaches unity. There is a clear difference between 
overlapping and non-overlapping surveys. Without priors, 
the F-|-B:Counts reduces to 70% of the value with known 
stochasticity. The difference is 96% of the original value 
when considering FxB:Counts. Also including lensing (:A11), 
the overlapping surveys are less affected by the bias stochas¬ 
ticity uncertainties. Similar trends are found also for FoM-, 
(not shown), but with a much smaller change. 

This figure ( |12[ ) shows that overlapping samples are less 
affected by a galaxy stochasticity uncertainty. This contra¬ 
dicts Kirk et al. (20131, which found that marginalizing 
over bias stochasticity parameters significantly reduce the 
same-sky benefit (from a factor of 3.9 to 1.2). Previously in 
EG14a, we discussed their higher absolute gain from over¬ 
lapping surveys. The main difference is Kirk et al. (20131 
ignore the count-shear cross-correlation with photometric 
(Faint) lenses. This artificially increase the same-sky bene¬ 
fit, since the counts-shear signal with different galaxy lens 
populations are highly correlated (see subsection 2.51. Only 


using the counts-shear of one galaxy population would also 
increase their sensitivity the galaxy bias stochasticity. 


4 CONCLUSION 


This paper accompanies the previous forecast (paper-II, 
EG14a). These combined a photometric (Faint) and a spec¬ 
troscopic (Bright) stage-IV survey to constrain the growth 
and expansion history by using a combination of weak lens¬ 
ing and galaxy clustering. In particular, these papers focused 
on the gain from observing the same area with both sur¬ 
veys. For the combined constraints, knowing the galaxy bias 
would increase the figure of merit (FoMu,.y) equivalent to 3- 
5 times larger area. Details of the galaxy bias affected both 
the same-sky benefit (i.e. FxB/F-|-B) and how much various 
effects contribute to the constraints. This paper (paper-III) 
studied how the bias impacts different aspects of the com¬ 
bined forecast. 

Section [2] focused on the bias error and subsection 
|2.1| summarized the forecast assumptions. Then subsec¬ 
tion |2.2| introduced the bias derivative formula, which in¬ 
cludes the photo-z effect through the transition matrices 
(see Gaztanaga et al. (2012l) and also accounts for RSD 
and magnification. The next subsection (2.31 showed the 


fiducial bias error and how lensing contribute to the bias 
constraints. Subsection |2.di stressed how ignoring the covari¬ 
ance between the cosmology and bias would lead to under¬ 
estimate the value of overlapping surveys for constraining 
the bias. 

Overlapping surveys both allow for additional cross¬ 
correlations and sample variance cancellations directly from 
overlapping volumes (see paper-II and EG14a). In subsec- 
tion l2.5l we studied which counts-shear contribute to measur¬ 
ing the bias. From a covariance between the signals, the bias 
error only increase weakly when removing either lens pop¬ 
ulation, but strongly when removing both. Subsection |2.6| 
studied the direct effect of overlapping volumes. The sam¬ 
ple variance contribute most to the Bright sample, while 
the Faint sample benefit most from the additional cross¬ 
correlations. 

Section studied the effect of adding priors, bias 
parameterization and modelling of the bias stochasticity. 
Subsection |3.1| added uncorrelated priors in each bins on 
either the Bright or Faint bias. When adding bias pri¬ 
ors, they directly affect the galaxy population and also 
the other galaxy population through the cross-correlations. 
Completely fixing the galaxy bias reduce the same-sky ben¬ 
efit (see paper-II). If adding priors to either population, the 
FoMuj.y (FxB/F-|-B):A 11 same-sky ratio only change weakly. 
For FoM.^ the Bright sample would completely dominate 
FoM.y if fixing the Bright bias. Subsection |3.2| tested the 


sensitivity to the bias parameterization, which fiducially 
use one-bias-per-bin. Including more Bright redshift bins re¬ 
duced the sensitivity to the bias. We further compared to a 
bias interpolated between n redshift pivot points. For n = 3 
the FoM„-,, results agreed within 10% and the one-bias-per- 
bin is therefore a reasonable bias parameterization. 

Appendix studied how the fiducial bias change the 
forecast. Changing the bias amplitude affects both the com¬ 
bined constraints and the relative performance of various 


probes (clustering, RSD, WL). In subsection 2.7 the dark en- 
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ergy (FoMdetf) and growth (FoM^) constrains respectively 
increase and decrease when increasing the Bright galaxy bias 
amplitude. Increasing the Bright/spectroscopic bias reduces 
the shot-noise and therefore improving the dark energy con¬ 
straints. The growth constraints reduced since the relative 
contribution of RSD, which is important to measure 7 , de¬ 
crease for a higher bias. In subsection |A1| and |A2| we studied 
respectively respectively the relative contribution of RSD 
and BAO. Last, subsection |A2| investigated how the Faint 
bias amplitude impacts shear and magnification. A higher 
Faint bias increased the importance of WL for dark energy 
constraints (FoM„) and reduces the impact of magnification. 
Appendix [B] showed how bias errors depend on photo-z and 
density. 

The fiducial bias is deterministic. Subsection 13.31 in¬ 
troduced a simple stochastic galaxy bias model and re¬ 
lated the definition to the commonly used correlation co¬ 
efficient r (see also Dekel & Lahav (1999l). Increasing 
the Bright bias stochasticity reduced the same-sky benefit 
(FxB:All/F-|-B:All), with the sample variance cancellation 
being more affected than the Bright-Faint cross-correlations. 
If marginalizing over an uncertainty in the bias stochasticity 
(see subsection 3.4 1 , the overlapping photometric and spec¬ 
troscopic (FxB) are less affected (than F-l-B). Thus overlap¬ 
ping surveys not only provide a better figure of merit (equiv¬ 
alent to 50% larger area) than separate surveys, but they are 
more robust to systematic errors, such as bias stochasticity 
or uncertainties in the bias evolution. 
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APPENDIX A: BIAS AMPLITUDE 


Subsection |2.7| studied the absolute effect of shifting the bias 
amplitude. This appendix focus on the relative effect of RSD 
(subsection I Al[ ), BAO (subsection A2| and WL (subsection 
|A3l. 


A1 Redshift Space Distortions 


Fig. A1 shows the FoMu,-y redshift/real space forecast ratios, 


varying the Bright bias amplitude. As in the previous sub¬ 
sections, we do not show the ratio when varying the Faint 
bias. The benefit of RSD decrease for a higher Bright bias, 


Shifting the Bright bias ampiitude. 



Bright bias reiative ampiitude 


Figure Al. The effect of RSD when scaling the Bright bias am¬ 
plitude. On the x-axis is the Bright bias amplitude relative to the 
fiducial value. The figure shows the FoMu ,7 redshift/real space ra¬ 
tio. A ratio above unity means RSD increase the FoM. The lines 
corresponds to FxB:All, F+B:A11, FxB:Counts, FxB-(FB}:Counts 
and F+B:Counts. 


which confirms the importance of RSD in Fig. As ex¬ 
pected, the largest contribution comes when only including 
Gounts. For low Bright biases the RSD is the main con¬ 
tribution to the signal. The ratios looks dramatically high 
(60-100) when only including galaxy counts. While the ef¬ 
fect of RSD is more important for a low bias, the RSD in¬ 
creasing the auto-correlation amplitude and therefore lower 
the impact of shot-noise. Without the Bright galaxy shot- 
noise (not shown), the RSD/no-RSD at low Bright bias 
drops. For a relative bias of 0.1, the ratio is 10(17) for 
FxB: Counts (F-l-B: Counts). 

For FoMm 7 the RSD/no-RSD ratio is above unity and 
RSD improve the constraints. This conclusion depends on 
the FoM and the galaxy density. The RSD contribute 
strongly to measuring 7 , but less for the dark energy con¬ 
straints. For FoMdetf and sufficient density, the RSD sig¬ 
nal decrease the constraint (not shown). While the addi¬ 
tional RSD signal is good to measure 7 , the RSD suppress 
cross-correlations between close redshift bins redshift (see 
paper-I). As seen in paper-II, the radial information in these 
cross-correlations contribute strongly to the dark energy 
constraints. This suppression therefore lower the constraints 
when including RSD. 

At large Bright bias amplitudes the RSD/no-RSD ra¬ 
tio changes differently for overlapping (FxB) and non¬ 
overlapping (F-l-B) surveys. The similarity at low bias is due 
to a low density and disappear when removing the shot-noise 
(not shown). Because FxB include the Bright-Faint cross¬ 
correlations, one expect a smaller dependence on the RSD 
contribution in the Bright sample and smaller reduction in 
the RSD/no-RSD ratio. Notice also how FxB-(FB):Counts is 
only slightly below FxB:Counts. While this trend is not the 
strongest, RSD is important for sample variance cancella¬ 
tions. Otherwise, the galaxy clustering of both populations 
is directly proportional to the matter overdensities. That 
would remove the benefit of using two tracers. This effects 
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Shifting the Bright bias ampiitude. 


Shifting the Faint bias ampiitude. 




Figure A2. The effect of BAO for different bias amplitudes. 
The FoMu,-y ratios are between including or not BAO wiggles 
in the Eisenstein-Hu power spectrum. On the x-axis is a mul¬ 
tiplicative bias amplitude relative to the fiducial Bright (Faint) 
bias. The lines corresponds to FxB:All, F-FB:A11, FxB:Counts, 
FxB-(FB}:Counts and F-FB:Counts. 


also contribute to the FxB ratios flattening for a high Bright 
bias. 


A2 Baryon Acoustic Oscillations (BAO) 


The BAO scale of 150 Mpc is a characteristic scale with a 
higher probability of finding a galaxy pair. In the 2D and 
3D configuration space correlation function, the BAO is a 
significant peak, where the position is largely independent of 


the galaxy bias Eisenstein et al. (2005 I. Instead of only con¬ 


straining cosmology from the peak position, these papers 
include the BAO signal through the 2pt correlation func¬ 
tion. The advantage is utilizing the full power spectrum, 
but it does require modelling the galaxy bias. To estimate 
the importance of BAO, the Eisenstein-Hu (EH) model can 
predict the dark matter power spectrum with and without 
BAO wiggles. We check how BAO impacts the constraints 
by calculating the FoMs with and without the BAO wiggles. 

Fig.|A2|shows the BAO/no-BAO FoM^.^ forecast ratios 


when varying the Bright bias amplitude. The BAO peak is 
effective in measuring the expansion, but not the growth. In¬ 
cluding BAO improve FoM™t.(FoMdetf) with 30% (23%), 
while FoM^, decrease with 1%. Since BAO has largest effect 
on the dark energy constraints, trends in this figure can be 
compared to FoMdetf. Similar to the absolute FoMdbtf 
constraints, the BAO/no-BAO ratio trend change with the 
Bright galaxy density. Without shot-noise, the BAO/no- 
BAO ratios above a relative bias amplitude of 0.5 is close to 
flat (not shown). A higher bias is therefore advantageous for 
reducing the shot-noise, which is why Red Luminous Galax¬ 
ies (LRGs) are often targeted for BAO studies (Eisenstein 
et al. |2005| [Gaztanaga, Cabre fc Hui|2009[ |. 


Shifting the Faint bias ampiitude. 



Faint bias reiative ampiitude 


Figure A3. The effect of the Faint bias amplitudes on the weak 
lensing contribution. On the x-axis is a multiplicative amplitude 
relative to the fiducial Faint bias. Ratios in the top panel show the 
WL/no-WL ratios, where WL is the fiducial forecast and no-WL 
remove all WL signals (counts-shear, shear-shear and magnifica¬ 
tion). In the bottom panel the no-Magnification forecast set the 
magnification slopes (see paper-I) to zero. 


A3 Galaxy shear and Magnification. 


Weak lensing also depend on the galaxy bias. For the sig¬ 
nal, the counts-shear cross-correlations and magnification 
are nearly proportional to the foreground bias amplitude. 
Magnification, which change the observed number counts 
through lensing (see paper-I), is included by default. While 
the measurement noise is independent of bias, the dominant 
(cosmic variance) contribution also scale linear with bias. In 
this subsection, we first study the effect of both weak lens¬ 
ing signals when shifting the Faint bias amplitude. Next we 
focus on the contribution from magnification. 


Fig. A3 (top panel) shows the WL/no-WL FoMm^ ratio. 


In FxB:All the signal include the shear-shear and counts- 
shear cross-correlations with both populations as lenses. 
This configuration naturally has the largest effect of weak 
lensing. The next two lines are FxB-((5_b7f’)(FxB-(5f7f)), 
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14 Martin Eriksen, Enrique Gaztanaga 


which is FxB:All, but removing the counts-shear correla¬ 
tions with Bright(Faint) lenses. In paper-II the Faint lenses 
contributed slightly stronger to the forecast (see also subsec¬ 
tion 2.51. The relative strength of different lens populations 
depend on the bias amplitudes, which results in the lines 
crossing. For non-overlapping surveys (F-|-B:A11), one can 
only measure counts-shear with Faint lenses and result in 
F-|-B:A11 and FxB-(SbJf) following a similar trend. Finally, 
the line FxB-((5 7 ) is including no counts-shear correlations 
and the trend is therefore flat. 

The bottom panel Fig. (A31 shows the magnification 
/no-magni£cation FoM^-, ratio. Magnification affect num¬ 
ber counts in two ways. Foreground foreground matter over 
and under densities respectively magnify and de-magnified 
background galaxy fluxes and areas. The magnified fluxes 
can enter/leave a magnified limited sample, changing the 
total number of galaxies, while the magnihed area modify 
the galaxy density. Here the magnification slope (magnihca- 
tion strength) equals the fiducial configuration in paper-II 
(see paper-II, Fig. 1). 

The effect of number counts magnification is small com¬ 
pared to WL, RSD or BAO. For FxBiAll (flattest ratio) mag- 
nihcation only increase FoM^,-, with ~ 1 %, while the effect is 
15% for FxB:Counts. This discussion therefore focus on the 
number counts results (Counts). In FxB-(FB) the surveys 
overlap, which give sample variance cancellations, but does 
not include the Bright-Faint cross-correlations. This reduce 
the bias constraints and therefore the magnification con¬ 
strains. The non-overlapping surveys (F-l-B) does not have 
sample variance cancellations from overlapping volumes and 
the ratio drops further. Finally, could the low magnification 
effect be caused by the counts-shear and magnification sig¬ 
nal being proportional? The line FxB-(5 7 ) is FxB:All, but 
removing all counts-shear cross-correlations or equivalently 
FxB:Counts adding shear-shear. The effect of magnification 
is also low when including the shear-shear leasing observ¬ 
able. 


A lower Faint bias amplitude improve the forecast. One 
can understand this from the signal-to-noise. The variance 
of the magnification signal when assuming Gaussian fluctu¬ 
ations (see paper-II) is 


Redshift uncertainty, Bright bias. 



Redshift uncertainty, Faint bias. 



• z = 0.30 
z = 0.49 
• z = 0.71 
z = 0.96 
z= 1.24 


0.0 

0 . 


0.01 0.02 0.03 0.04 

Photo-z Bright popuiation [o-jg/(l-i-z)]. 


0.05 


Figure Bl. The impact of the Bright photo-z on the bias error. 
Lines show the spec-z/photo-z bias error ratios. On the x-axis is 
the Gaussian photo-z (units of (l-Fz)) of the Bright sample. The 
top(bottom) panel show the ratios for the Bright(Faint) bias. 


A^Cs.s, = N-\l)[Cs,sMs,s, + Cls^] (Al) 

~ N-\l)Cs,s,Cs,s^ (A2) 

where i and j are the two redshift bins. For well separated 
bins in photo-z space, the auto-correlation terms dominate, 
which least to the approximation in the second line. If ignor¬ 
ing RSD, magnification-magnification correlations and the 
shot-noise, the magnification signal-to-noise is 


S/N : 


Vm 


Crr 


ilj 


-\J Cmirrhi C„ 


(A3) 


where aj and bj are respectively the magnification slope and 
the galaxy bias in bin j. The Cmimi and Cmjm.j terms are 
respectively the matter auto-correlations in bin i and j. This 
approximation is invalid for low Faint bias amplitudes. Eq. 
|A3| shows two important criteria for magnification. Higher 
magnification slope increase the signal, while a lower bias of 
the background population decrease the errors. This criteria 


can be useful if focusing solely on magnihcation. To optimize 
the combined constraints, one should however focus on RSD, 
BAO and WL, since they contribute stronger. 


APPENDIX B: PHOTOMETRIC REDSHIFTS 
AND GALAXY DENSITIES 

Bl Photometric redshifts 

The bias measurements are affected by redshift uncertain¬ 
ties. Our two fiducial galaxy samples are: a photometric 
(Faint) and spectroscopic (Bright) with respectively 0.05(H- 
z) and O.OOl(l-l-z) Gaussian redshift uncertainties. Since the 
Faint photo-z is broad, the Faint sample is analyzed in broad 
redshift bins. Improving the Faint photo-z would only sub¬ 
stantially change the forecast if also using narrow bins for 
the Faint sample. We focus instead on the Bright redshift 
uncertainty and fix the Faint photo-z to the fiducial value. 
Fig. |B1| shows the FxBiAll Bright bias error ratio be- 
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Photo-z - Same-sky benefit, Faint bias. 


Spectroscopic density, Bright bias. 



Photo-z Bright popuiation [a^J(\+z)]. 



Figure B2. The same-sky bias error benefit when varying the 
Bright photo-z. Lines are the Faint bias error ratios between non¬ 
overlapping and overlapping surveys. On the x-axis is the Bright 
sample Gaussian photo-z (units of (1+z)). The forecast include 
galaxy counts and shear (FxB:All). 


tween the case of using spectroscopic (Bright) sample and 
the case of including redshift uncertainties (photo-z) in the 
Bright sample. A vertical line (0.0035) show the expected 


photo-z precision for the PAU narrow band survey (Marti 
et al.|20T4|. The PAU photo-z would for the Bright popula¬ 


tion recover 90% of the bias error, with the Faint bias being 
nearly unaffected. However, note that this conclusion de¬ 
pends strongly on the Bright population redshift bin width, 
which fiducially is Aa = 0.01(1 -I- z) (see paper-I, section 
3.3). Reducing the Bright redshift accuracy from spec-z to 
a photo-z of 0.01(1 -F z) doubles the error on the Bright 
bias, which illustrate how better photo-z than the typical 
bin width is important when constraining cosmology with 
galaxy clustering. 

The Bright bias ratios (Fig |Bl[ top panel) approaches 
zero for a typical photometric redshift. Analyzing the bright 
sample with 72 narrow redshift bins and one bias param¬ 
eter per bin is clearly not possible without accurate red- 
shifts. The Faint galaxy bias (bottom panel) is affected 
through the Bright-Faint cross-correlations, sample variance 
cancellation and the uncertainty in cosmological parameters. 
These effects are less direct and the Faint bias error declines 
slower with increasing Bright photo-z, reaching asymptotic 
values of ~0.6-0.7 and larger for high redshifts. When in¬ 
creasing the Bright photo-z, the Faint bias can still be mea¬ 
sured through the Faint clustering and counts-shear cross¬ 
correlations. 

Fig. |B2| shows the same-sky ratio, which is the bias er¬ 
ror ratio between non-overlapping and overlapping galaxy 
surveys. Values below unity means overlapping surveys im¬ 
prove the bias measurement. For both FxB and F+B, a 
higher photo-z result in higher bias errors and the absolute 
errors increase strongly for all configurations (All, Counts). 
An increasing or decreasing ratio results from errors grow¬ 
ing faster for either overlapping or non-overlapping surveys. 
For (Tz < 0.01(1 -F z) the Bright sample alone becomes less 
able to constrain the bias, increasing the value of overlap¬ 


Spectroscopic density. Faint bias. 



Figure B3. Impact of the galaxy density on the bias error. Each 
line show the FxB:All bias error, normalized to the errors for the 
fiducial Bright density (0.4 gal/sq.arcmin) for different redshift 
bins (see legend). The top(bottom) panel show the Bright(Faint) 
bias error ratio. 


ping samples. When the photo-z increase and the nearby 
bins becomes more correlated, which reduce the same-sky 
benefit ratios. With only galaxy counts, the same-sky ratio 
change less (not shown). 


B2 Galaxy density 

The galaxy density also change the cosmology and galaxy 
bias forecasts. This subsection study the effect of the spec¬ 
troscopic density directly on the bias error. The fiducial pho¬ 
tometric (Faint) sample is dense and varying its density only 
introduce small changes in the bias error, although it im¬ 
pacts cosmological constraint through e.g. the shear-shear 
measurement. For the related FoM forecast, see EG 14a. 

In Fig |B3| we show the bias error when varying the 
Bright galaxy density and normalizing the error to unity for 
the fiducial density of the Bright sample (0.4 gal/sq.arcmin). 
As expected, the bias error decrease monotonically with 
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16 Martin Eriksen, Enrique Gaztanaga 


higher galaxy density. The galaxy sample is less dense at 
high redshifts, which leads to the error on bias improving 
most for the highest redshift bins. When the Bright galaxy 
population is 0.1 gal/arcmin^, which is 25% of the fidn- 
cial value, the Bright bias error is 20-80% higher than the 
fiducial error. The Faint bias (bottom panel) benefits in¬ 
direct through Bright-Faint cross-correlations and sample 
variance cancellation, therefore it depends weaker on the 
Bright galaxy density. Decreasing the Bright density to 0.1 
gal/arcmin^ results in 20% increase in the redshift error 
for most redshift bins. When increasing the density beyond 
the fiducial value, both populations show small improve¬ 
ments. This is compatible with the FoM saturation around 
0.4 gal/sq.arcmin in EG14a. 
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